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ABSTRACT 


The purpose of this report is to isolate the various 
modes of friction in a "dry" rotary sliding vane machine and 
to determine the influence of pressure, temperature, and 
speed on these modes of friction. 


A pressure transducer was mounted in a rotary sliding 
vane pump rotor and a thermocouple in a vane to note effects 
of pressure and temperature, respectively. The rotor end 
plates were machined to permit mounting the rotor eccentric 
and concentric to determine the effects of vane movement 
within the rotor and to determine coefficients of sliding 
friction. Holes were also machined in the end plates to 
eliminate pressure effects. 


Results show that vane movement against the casing and 
within the rotor represents a significant amount of the total 
power input, their sum being greater than 50 percent at 
higher speeds. Theoretical formulations coupled with ex- 
perimental results show that temperature and normal forces 
on the vanes had a negligible effect on the coefficients of 
friction. Because friction increases exponentially with 
speed, a "dry" rotary sliding vane pump is limited to a 
relatively low speed range. 


Calculations based on theoretical formulations as 
derived in this paper used in conjunction with experimental 
data of this paper show a reduction in friction power of a 
proposed design when low friction vane materials are used 
and when the vanes are located radially within the rotor. 
Hence, these calculations show trends in improving machine 
efficiency. 
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(Pst)y Power dissipated in overcoming sliding friction of 
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pressure difference across the vanes at pump 
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(Psfa)n Power dissipated in overcoming sliding friction 
with no pressure influence and rotor eccentric at 
pump speed N' (horsepower 
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friction with rotor eccentric and a pressure 
difference across the vanes at pump speed N 
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and a pressure difference across the vane acting 
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and a pressure difference across the vane acti 
normal to*the vane at the rotor radius any 
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Radius to vane center of gravity with rotor 
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Angle between Rg and the vane slots (degrees) 
Angle between Rge and the vane slots. (degrees) 
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I. INTRODUCTION 


Basic Concept 
A dry rotary sliding vane machine is basically a positive 


displacement device consisting of a rotor mounted eccentric 

in a cylinder. Vanes are mounted in the rotor and are held 
against the cylinder bore by centrifugal force. Sometimes 

the vanes are spring loaded to ensure their contact with the 
cylinder bore at slower speeds. Expansion and compression 

of the gaseous working fluid is realized by the rotor being 
mounted eccentric within the cylinder. Inlet and exhaust 
ports are located most often in the casing end plates to per- 
mit the working fluid to enter into and exhaust from the 
volume bounded by the rotor, casing, and vanes--the inlet port 
being exposed to the low pressure region of the cycle. The 
degree of eccentricity will ideally determine the pressure 
ratio for a given size device. The vanes sweeping past the 
inlet and exhaust ports provide a simple valving configuration. 
However, a cyclic analysis is complicated by this arrangement 
when portions of the working fluid are exposed simultaneously 
to conditions at inlet and exhaust. This, of course, depends 
upon port location and the number of vanes mounted in the 
rotor. Eccentricity also determines the rotary sliding vane 
machine's capacity. In the absence of shaft seals, the capa- 
city is limited by the allowed leakage through the shaft and 
rotor end clearances. Eccentricity and port location further 
determine the amount of working fluid carried over to the 
succeeding cycle. 


The basic machine has very few moving parts--the vanes 





sliding within the rotor, the rotor rotating within the 
casing. Because the machine is so very simple, it occupies 
minimum space and weighs little when compared with other 
types of pumps of equal capacity and pressure ratio. 
Types 

Rotary sliding vane machinery has applications as 
either a pump or a motor. For pumping applications it is 
used as a vacuum priming pump, a low-capacity refrigeration 
compressor, and in several industrial applications requiring 
low-capacity, low-pressure air or other gases. The most 
recent application of the rotary vane machine as a motor is 
the Wankel engine. | © However, applications using the rotary 
sliding vane machine as a pump rather than a motor predominate. 
Careful note should be made that this study deals with "dry" 
rotary sliding vane machinery in contrast to the "wet" type. 
The "dry" machine is unique in that it requires no fluid 
(oil, water, etc.) to seal the contact area between the vanes 
and cylinder bore when the working fluid is gaseous. The 
sealing fluid also serves to reduce the sliding friction. 
The"wet" pump utilizing the sealing fluid is by necessity 
larger and more complex since it requires a means of fluid 
supply as well as a fluid reservoir. 
Frictional Considerations 

Intuitively, if by no other consideration, one may feel 
that the dry friction of the sliding vanes against the rotor 
and the cylinder bore would certainly hinder the rotary 
sliding vane machine in any economical pumping consideration. 


Unfortunately, the literature holds no detailed friction 
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analysis of this type of machine. Consequently, no one can 
say just what the optimum design considerations relating to 
the friction characteristics might be. Some study has been 
devoted to other component considerations of the rotary 
sliding vane edumae li such as the effects of overcompression 
caused by varying the inlet and exhaust port location and the 
ideal relationships between volumetric efficiency, compression 
ratio, and rotational speed. 

It will be the purpose of this report to conduct a 
friction analysis of a rotary sliding vane machine in order 
that a better over-all design may be realized. Theoretical 
formulations will be developed where deemed appropriate. Of 
necessity, however, an experimental technique will be de- 
veloped to show the applicability of the theoretical formu- 
lations and, in the end, to show what the actual frictional 
characteristics are for the machine investigated. 

Experimental Equipment 

For experimental work, a rotary sliding vane machine 
manufactured by M-D Blowers, Inc. of Racine, Wisconsin and 
intended primarily for use as a vacuum priming pump was 
selected since it represents a typical design. The pump 
consists of a gray cast-iron cylindrical casing within which 
is mounted at an eccentricity of 0.3715 inches a gray cast-iron 
rotor. The rotor is cast onto a steel shaft. The base of the 
pump is an integral part of the cylinder casing. The cylin- 
drical casing is tapped on both sides at the middle of the 
transverse section for inlet and exhaust connections. The 


end plates are of gray cast-iron and are secured to the 
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casing by eight machine screws. Inlet and exhaust ports are 
contained within these end plates as well as the housings 

for the two rotor shaft bearings. The bearings are mounted 
in a counterbore and are positioned by a screw-fastened 
closure washer and a shoulder on the shaft. The rotor is 
machined to hold four carbon graphite vanes in slots that are 
cut at an angle of 38 degrees from the radial position. Felt 
shaft seals are mounted in the end plates next to the rotor 
and thereby keep the end leakage flow to a minimum. Clear- 
ance between the rotor and the end plates is approximately 
0.002 inches. Clearance between the rotor and the cylinder 
bore at top dead center is approximately 0.005 inches. Ex- 
ternal to the pump are located pressed steel fans mounted on 
the shaft which direct cooling air on the two end plates to 
cool the bearings. In the suction line is located a sponge- 
type filter mounted in a steel case to exclude foreign matter 
from the pump to preclude vane failures. Figures I, II, and 
III show detailed pump characteristics. Additional principal 
dimensions not shown in Figure III include: 


Cylinder bore diameter, Dg 1.601 inches 


Cylinder length, le 6.223 inches 
Rotor diameter, Dr 3.855 inches 
Rotor and vane length, 1 6.219 inches 
Vane width, z 1.6875inches 
Vane thickness, t 0.180 inches 





Figure I 


M=D Dri-Adr Pump, Model 6 





Courtesy on 
M-D Blowers,Inc. 
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Figure II 


Pump Components end Characteristics 





Description 


Exhaust Connection 
Shaft Bearings 
Rotor 

End Plate 

Cooling Fan 

Casing and Integral 
Base 
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Description 
Shaft Seal 
Tapped Holes for 
Disassembly Jack 
Screws 
Direction of Rotation 
Holes for End Plate 
Mounting 
Inlet Connection 
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Pump Dimensions 





fe= 1/.c20 inches C = 7.870 inches 
B= 7.25 inches D = 3.625 inches 
E = 8.625 inches 
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If. PROCEDURE 


Friction Analysis 
From our preliminary investigation of the frictional 


characteristics of a rotary vane machine, it was determined 
that the power required to overcome friction is dissipated 
by two means. There is the sliding friction acting at the 
vane ends when they are in contact with the cylinder, here- 
after referred to as sliding friction. There is also the 
Sliding friction acting on the vane as it moves in and out 
of the slots in the rotor, hereafter referred to as re- 
ciprocating friction. These two modes of friction are 
affected by the rotor speed, the vane temperature, and the 
pressure differential across the vane. The most precise 
method of analyzing the various friction characteristics is 
by an experimental technique. To determine the effect of 
each of the variables involved which contribute to the over- 
all friction characteristics of this pump, it is necessary 
to separate the variables affecting the two modes of sliding 
friction. This was accomplished by altering the pump con- 
figuration so that each effect could be studied separately 
and its contribution to the total friction power found. In 
the rotary vane pump investigated, this was accomplished in 
a series of five experiments in which the rotor position was 
changed, and also the type of end plate was changed. The 
pump configuration and effect studied in each experiment 


are shown in the following table: 
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Experiment Rotor Type of Mode of Included 


Number Position End Plate Friction Effects 

1 Concentric Closed Bearing and Speed (vanes re- 
seal moved 

2 Concentric Closed Bearing, Seal, Speed and 
and Sliding Temperature 

3 Eccentric Closed Bearing, Seal, Speed, Pressure, 
Reciprocating, and Temperature 
and Sliding 

hi Eccentric Open Bearing, Seal, Speed and 
Reciprocating, Temperature 
and Sliding 

5 Concentric Open Bearing, Seal, Speed and 
and Sliding Temperature 


Measurement Procedure 

The pump was mounted so that it was driven by a dynamo- 
meter to determine the power required. Power was calculated 
by measuring the torque exerted by the dynamometer. The 
dynamometer used had a 0.5-foot radius arm. The force at 
this radius arm was measured with a spring scale which was 
calibrated with standard weights. The dynamometer speed was 
measured with a three-second tachometer. The power was found 
using the formula 

P = Force x Speed x 0.5 x EB ¥ EEO (1) 


The dynamometer speed was controlled by a rheostat in series 
with the shunt field of the direct current dynamometer. The 
inlet vacuum to the pump was measured by use of a mercury 
manometer and was controlled by use of an inlet throttle 
valve. The pressure differential across the vanes was 
measured by mounting a pressure transducer in the rotor in 


between two vanes and connecting the transducer output to an 
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oscilloscope. For analysis purposes pictures of the scope 
presentations were taken at four speeds for two values of 
inlet pressure. The scope scale factor and the transducer 
calibration curve enabled the conversion of the scope de- 
flections to a pressure difference across a vane for any 
rotor position. The vane temperature was measured by mounting 
a coOpper-constantan thermocouple in a vane as near as possible 
to the sliding surface at the vane end. The thermocouple 
voltage was led to a Sanborn recorder through copper slip 
rings mounted on an extension of the pump rotor shaft. The 
use of slip rings required a compensating network to eliminate 
the Peltier effect. The network used is due to Z. J. J. Stekiy . HH 
The experimental set-up is shown in Figures IV, V, and 
VI. Speed and power were measured during each experiment. 
Inlet vacuum was varied for Experiment 3, and the pressures 
differential across the vanes was measured for this ex- 
periment only, since it was negligible or eliminated in the 
other experiments. Vane temperatures were measured only 
during Experiment 5 due to the vane strength limitations which 
resulted in vane failures during other experiments when it 
was attempted to install a thermocouple in a vane. However, 
Since the vane temperature is dependent to a large degree upon 
the speed of the rubbing surfaces, the temperature variation 
measured in Experiment 5 will closely approximate that of the 
other experiments at corresponding speeds. In those experi- 
ments in which pumping effects have been eliminated, there is 
no temperature rise due to compression; however, with no 


pumping, there is no cooling fluid passing through the machine 


10 





Figure IV 


Pressure Transducer and Thermocouple Installation 
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1. Rotor 7. Compensating 
2. Pressure Transducer Thermocouple 
3. Compensating 8. Water Bath 
Thermocouple 9. Thermocouple Output 
4. Shaft Extension 10. Copper Brushes 
S- Vane ll. Pressure Transducer 
6. Thermocouple Output 
mounted in Vane 12. Copper Slip Rings 
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Pigure V 


Experimental Set-up 
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Figure VI 


Close view of Experimental Set-up 
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to cause a cooling effect on the vanes. Hence, the effects 
of no pumping resulting in no fluid flow tend to counteract 
each other as far as the vane temperature is concerned and, 
therefore, the temperature variation found in Experiment 5 is 
indicative of the trend of the temperature variation in the 
other experiments. The speed range investigated in these 
experiments was from 1000 rpm to 1500 rpm, which is the range 
of normal pump operation. The inlet vacuum was set at 5 or 
10 inches of mercury. Higher inlet vacuums were unattainable 
due to the power limitation of the dynamometer. 
Data Analysis 

In order to obtain the fraction of power dissipated by 
the two modes of friction during normal pump operation, it 
was necessary to correlate the data taken in the concentric 
configuration to the eccentric configuration to make it 
applicable to the normal pump operation. The normal pump 
configuration is that used in Experiment 3%. When the pump is 
operating with the rotor eccentric, the vane end radius, the 
vane exposure, the radius to the vane center of gravity, the 
angle between the radius to the vane center of gravity and 
the vane slots, and the angle between the vane end radius 
and the vane are all varying quantities dependent upon rotor 
position. The average value of these quantities for one 
revolution with the rotor eccentric was used as the basis of 
correlation with the corresponding values of these quantities 
when the rotor was placed concentric. The average was used 
since the measured power represents an average power per 


revolution. When the rotor is mounted concentric, these 


1h, 





quantities have constant values and are independent of rotor 
position. From a drawing of the cylinder bore with the rotor 
eccentric the quantities were measured at fifteen-degree in- 


tervals for one revolution, and the average values found are: 


Ry = 2.2818 inches 
h = 0.4229 inches 
Re = 1.6325 inches 
8 =h7.5 degrees 
A = 32.0 degrees 


These values were obtained by the procedure outlined in 
Appendix A.1. The values for these quantities with the rotor 


concentric are: 


Rye = 2.3005 inches 
he = 0.4600 inches 
Ree = 1.64.50 inches 
Bo = 46.0 degrees 
Ac = 31.0 degrees 


In order to make V = Vg, it is necessary to run the pump at 
a slower rpm in the concentric configuration than in the 
eccentric configuration since RygwRy. For the condition 


V = Ve: 
No = Ry aay N (2) 
atte avs, ewe (SB)@e) (3) 


and Ve 


Since the coefficient of friction is a function of speed and 
temperature in our experiments, it is necessary to calculate 
the coefficient of sliding friction, far, at the speed Ne 
from the data of Experiment 2 for use in calculating the power 
dissipated by sliding friction in Experiments 3 and at the 
speed N. The change in coefficient of friction might be more 
properly related to a change at various speeds in the normal 


force against the vane acting at the point of contact. 
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However, with changes in normal force, this variation in the 
coefficient of friction is negligibie'?i, hence it is assumed 
that fgr as calculated for a given velocity from Experiment 2 
is the coefficient of friction Lor Gaabed graphite on cast 
iron for that velocity for the een eriic configurations where 
there are increases of the normal force by a factor of 5 or 
less. To determine far from Experiment 2 it is necessary 
only to find the normal force acting at the point of contact 
with the cylinder bore, since the power and velocity are 
measured quantities. The power required to overcome sliding 
friction when the rotor is concentric is: 


(Psra)ne = (P2)ne - (Pi)n (1,) 


(Psta)nc = 4 fgr Iced Ve/550 (5) 
Multiplication by four is necessary since Iceq is determined 
for one vane only. The normal force can be found by summing 
the forces acting along the vane. (See Figure VII.) 

Go + fsr Ieq sin Ae = Ieq cos Ag (6) 


where Ge is the component of the centrifugal force along 


the vane. 9 
Ge = Bx (Re)” x ABs cosp, (7) 


Rewriting Equation 5, 


fare Ieq = 137.5 (Psfd)ne (8) 


Cc 
hence, 
_ Ge 137.5(Psfd)nce tan Ac 
—— * a (9) 


All the quantities except Icq in Equation 9 are known so that 
Leg can be determined. This enables fgr¢ to be computed. 


The procedure to calculate the coefficient of reciprocating 
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Pigure VII 


Dimensions und Forces with Rotor Concentric 
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friction is essentially the same but is more involved. When 
the vane is moving in and out of the vane slots as the rotor 
is rotating, there are two forces acting normal to the vane 
within the vane slot and a force acting normal to the vane 
where 1t is in contact with the cylinder bore. These can be 
found by summing the forces along the vane and then summing 
the moments of the forces acting normal to the vane. (See 
Figure VIII.) Along the vane the summation of forces is: 

Fa = Frq (cosa - fgp sind) - fre(R1 + Ro) (10) 
Fa is the force due to the component of the total 
acceleration along the vane. The resolution of the 
accelerations present when the rotor is eccentric is ex- 
plained in Appendix A.2. 

Fa = B (ABS)? (FB) cose (11) 

R; and R, are the average normal forces acting on the vane 
at the vane end in the slot and at the outer end of the vane 
slot, respectively. Fprq 1s the average normal force acting 
at the point of contact of the vane end and the cylinder 
casing when the rotor is mounted eccentric. Rewriting 


Equation 10, 


. Fa + fre (hi + Bp) 


cosA - fgf sin (12) 


Frq 


The power required to overcome sliding ‘friction when the 
rover 18 eccentric is: 
(Psta)n = 4 fs¢ Fra V/S86 (13) 
(Pstd)n#(Psfd)ne since Frq # Icq 


The power required to overcome reciprocating friction is: 


(Prea)n = Elo - (Pi )n - (Psfa)n (1h) 
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Figure VIII 


Dimensions and Forces with Rotor KEccentrio 
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and spies. 

(Prpa)n = 4 frp (Ri + R2) Vr/s50 (15) 
Vr is the average velocity of the vane when it is moving 
into or out of the vane slots. This was found by taking the 
distance the vane can move from the full extended vane 
position to the full retracted vane position and dividing by 
the time for this distance to be traveled which is approxi- 


mately the time required for one-half revolution. 


Vp = Nesec A (16) 
Substituting Equations 12, 13, and 15 into Equation ll, we 
have 
feel Rae (my -Padn - Sap [Fas feel R2)] (1) 


The only unknown in this equation is the product frp(R +R). 
Solving for fpf(R , + Ro): 
137.5(P), ~P1)(cosa - fgp sind) - fgfV Fa 


~~ for V + Vplcosh - fan ana (18) 


With frye (R, + Ro) calculated, Fpg can be computed from 


frr(Ry+R2) = 


Equation 12; (Psrq)n, from Equation 13; and (Pprq)n, from 
Equation 15. 

Now that Frqg is known, the normal forces R, and Ro can 
be found as previously described. Using a free body diagram 


of the vane, 


Figure IX 
Free Body Diagram 
Ro Hnd 
Ss 5 
R, He 
R, + R, = 1.6688 Hpg - 0.334 He (19) 
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The derivation of this equation is explained in Appendix A.3. 

Hrq is the total normal force due to Frg and is expressed as 
Hrq = Fpq (sind + fgpr cosa) (20) 

He is the component of the force due to the total acceler- 


ation normal to the vane. 


Ho = & 28M)’ (Re) sin p (21) 
Knowing Ry + Ro» ms can be found by, 
_ tee (ar Fe) 


Now that for and fpr can be determined for any desired 
speed, the power required to overcome sliding friction and 
reciprocating friction at the same speed when the pump is 
operating in its normal configuration can be calculated by 
accounting for the influence of the pressure differential 
across a vane when the pump is actually pumping. The average 
pressure difference across a single vane is found by analyzing 
the scope presentations of the pressure transducer output. 
The procedure for finding the pressure difference and the 
force due to the pressure difference is outlined in 
Appendix i adiiny 

The influence of the pressure difference across a vane 
appears as a change in the normal forces acting on the vane 
in the vane slot and as a change in the normal force at the 
point of contact of the vane end and the cylinder bore. 

Again we use the procedure that was used in determining 
frre. The summation of the forces along the vane is 

Fa = Fp (cosa - fpr sind) - fpp (R3+ Ry) (23) 


where Fy and R3+R, are forces similar to Frq and R, + RQ. 
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These new forces are greater due to an additional force, Hp» 
which is the average effective pressure force acting on each 
vane during one revolution and acts at the center of the 
average vane exposure as shown in Figure X. 
Since Equation 23 poses two unknown quantities, Ke and 
R3+ Ry, another relationship of these two unknowns must be used 
to calculate these forces. By using a free body diagram of 
the vane and summing the moments of the forces acting, we have 
R3+R, = 1.6688(sind+fgr cosa)Fpt 1.334 Hp-0.3344H, (2/4) 
The derivation of this equation is given in Appendix A.5. 


Figure X 
Free Body Diagram 





Substituting Equation 2), into Equation 23 
>. = Fa + 1.33Ufpe Hp - 0-33 frr He (28) 
rv” (cosatfspr sind) - TCSBB sin Tee cosA) irr 


Fr can be calculated for all the other values are known. 

With Fy, determined, R3 + Rj can be calculated from Equation 23. 
It is now possible to compute the power required to 

overcome sliding and reciprocating friction during normal 

pump operation for desired inlet vacuums and pump speeds 


Since the coefficients of friction and the necessary normal 
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forces have been determined. 


(Pse)n = ae (26) 


(Pre )n = a (27) 





us 





Iit. RESULTS 


Figures XI, XII, XIII, and XIV are faired curves of the 
data for Experiments 1, 2, 3, and lh, respectively. Feiring of 
the data curves was performed on large scele graphs using the 
arithmetical mean of the recorded data to determine the 
faired curve. 

Figures XV and XVI are curves of calculated values of 
fPsf> frp, Pspq Preq Psp, and Prr which were computed by 
the procedure outlined previously. These curves are drawn 
from the data listed in Tables IX and X. 

Figures XVII and XVIII are curves which represent the 
calculated values of the friction power and their relation- 
ship to the total power as measured in Experiment 3. These 
curves show one of the major objectives of this thesis; i.e., 
the proportion of power required to overcome friction to the 
total power required. 

The results of Experiment 5 will be given in the form of 
several observations. This is required by the fact that this 
experiment was only a partial success in measuring the tem- 
perature at the sliding surface. The temperature measured was 
far less than the surface temperature as predicted using 
Archard's formulation. This was due to our inability to 
locate a thermocouple close enough to the sliding surface. 
The strength of the vane material limited us in the location 
of the thermocouple; it was located about one-sixteenth of an 
inch from the sliding surface. The thermocouple of necessity 


had to be electrically insulated from the vane material which 
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introduced some thermal insulation. Due to these two 
restrictions and the low thermal conductivity of the vane 
material, it was not surprising that the temperature measured 
was lower than that predicted. 

From the temperature recorded we can indicate the 
following trends. The surface temperature increases with 
an increase in the sliding velocity and in the normal force 
at the point of contact of the sliding surfaces. The change 
in surface temperature is small for large changes in sliding 
velocity and normal force. At a constant speed the torque 
measured on the force scale remained essentially constant as 
the vane temperature increased from the ambient temperature 
to a quasi-steady-state temperature. The increase in vane 
temperature was approximately 50 Farenheit degrees during a 


continuous operation at constant speed of two hours quration. 
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Figure XI 
Data Curve for Experiment l 





Figure XII 
Data Curve for Experiment 2 








Figure X1iI 
Data Curve for Experiment 3 Pe 


Figure XIV 


Data Curve for Experiment 4 
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IV. DISCUSSION OF RESULTS 


Experiments 2 and 5 were performed separately to note 
if any pressure effects were present when the end plates 
were closed as in Experiment 2 -- both experiments were per- 
formed with the rotor concentric. However, both power 
readings were identical at corresponding speeds which dis- 
pelled any thoughts that pressure effects might be present 
in Experiment 2. Experiment 5 was further utilized to 
investigate the temperature effects on friction. 

Photographs were also taken of the pressure-time cyclic 
characteristics within the pump during Experiment lh to note 
whether or not pressure effects had been eliminated. 

Figure XXVIII does show that the influence of pressure is 
negligible for various pump speeds when the rotor is in the 
eccentric position. This corroborated the notion that the 
pressure effects were not present in Experiments 2 and 5 
since they will be more significant, if present, with the 
rotor eccentric than with the rotor concentric. 

By referring to Figures XVII and XVIII it can be seen 
that the power consumed by friction is an appreciable part 
of the total power required. As speed is increased, the 
centrifugal force and, hence, the normal force of the vane 
against the cylinder casing increase. Since the coefficient 
of sliding friction remains essentially constant, sliding 


friction power from Equation 26 increases exponentially with 


increasing speed because V increases linearly and Fy increases 


in a non-linear manner. The same arguments also explain why 
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the reciprocating friction power increases in a similar fashion 
because Vr increases linearly with speed and R32 + Ry like Fp 
increases in a non-linear manner. 

This explains partially why the percentage of total power 
consumed by friction steadily increases with speed. The 


percentages represented by Figure XIX are rather high even for 





this low speed range of 1000 to 1500 rpm. Friction, there- 
fore, limits the rotary sliding vane machine to relatively 


low speeds. 





Now note the effect caused by increasing the pressure 





differential across the vanes at a constant speed. Equation 
25 shows that the normal force F, against the cylinder casing 
is a function only of the pressure force Hp at a constant 


speed. Figure XVI shows that the sliding friction power in- 





creases with an increase in Hp» assuming that ! sf stays con- 
stant at the same pump speed. The reaction forces R3 and Ry 
also increase when a greater pressure differential is applied 
to the exposed portion of the vane, which results in an 
increased reciprocating friction power dissipation at a 

given speed as Hp increases. Increased pressure differential, 
like increased speed, causes the percentage of friction power 
to increase. 

Next, consider the values of the sliding and recipro- 
cating coefficients of friction. Figure XV shows a slight 
decrease in the sliding friction coefficient with an increase 
in speed. From ieee mes! +4 the coefficient of friction of 
graphite on iron is seen to remain essentially constant up to 


500° Centigrade. Observations from Experiment 5 show that 
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Figure XIX 


Percentage of Friction Power. 
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the contact or surface temperature at the vane and casing 
interface does not approach this value. Archara! 1 J has for- 
mulated an expression for a sliding coefficient of friction 
for similar or dissimilar metals in contact. This expression 
varies directly with temperature and inversely as the square 
root of the speed and the fourth root of the normal load. 
However, from Experiment 5 it was observed that as the tem- 
perature increased due to an instantaneous step increase in 
speed, and, hence, normal force, the friction horsepower 
remained constant at this new speed while the temperature 

was rising to a quasi-steady-state value. Considering that 
speed and load were constant, this indicates that the friction 
coefficient is a very weak function of temperature, as de- 


picted by Mordike! 22), 


Noting also that the normal force, 
leq, poses a relatively light reaction force on the vane in 
the concentric configuration in the range of speeds studied, 
it is felt that load would have a minor effect, if any, on 
the friction coefficient. Archaral 2 J, it has been noted, 
found that the variance was related inversely to the fourth 
root of the load. 

Based on the preceding discussion of temperature and 
load effects, we felt justified in using the same sliding 
friction coefficients as determined from Experiment 2 for an 
analysis of the pump during normal eccentric operation at 
corresponding speeds. 

Therefore, sliding friction will be taken to vary only 
with speed--this variation being only slight. 


The reciprocating friction coefficient, frr, is more 
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than four times the sliding friction coefficient. First, the 
discussion on temperature effects as related to sliding 
friction will be taken as valid for the reciprocating friction. 
Experiment l. which included both sliding and reciprocating 
friction effects showed no increase or decrease in friction 
power as the temperature was allowed to reach a quasi-steady- 
state. Further discussion will be made in reference to load 


considerations. 





An explanation of the relatively high reciprocating 
friction coefficient is now in order. Twice a revolution 
_ the vanes must overcome a static coefficient of friction 
Which, of course, will be higher than the sliding coefficient 
of friction. The reciprocating friction coefficient as we 
have defined it, therefore, embraces both static and dynamic 
considerations. 

At this point as explanation should be made regarding 
the summation of forces along the vane as shown in Equations 
10 and 23. Question may arise about the sign of the quan- 
tities fpr(R1+R2) and fr¢(R3+Rj,) since they have different 
Signs in the converging and diverging portions of the cycle 
due to the change in direction of motion of the vane. How- 
ever, since this cycle analysis is based upon average values, 
the average value of the total acceleration has been used. 
This average acceleration is always directed toward the rotor 
center and the component along the vane is always directed 
into the vane slot. Therefore, with this concept the vane 
motion is on the average always into the vane slots which, 


in turn, suggests that the friction forces fpp(R |+R5) and 


3u, 





fre (R3+R, ) must always oppose this motion. Choosing this 
sign convention constitutes dictating a definition for fre 
and, hence, frr is only valid as we have defined it. The 
relations given by Equations 10 and 23 are necessary to per- 
mit the system of equations developed in the Procedure to 


have a determinate solution. 





It will be noted that the reciprocating friction 
coefficient as plotted in Figure XV increases slightly with 
speed--the converse of the sliding friction coefficient be- 
havior. Equation 22 defines frr; inspection of Equation 18 





shows fyrr(R1+R2) to be dependent on the sliding friction 
coefficient. Therefore, a rather complicated relationship 
does exist between fsf and fpr within their definition such 
that as fr decreases slightly, frp rises slightly with an 
increase in pump speed. 

Now for further mention of the reaction load R3 + Ry 
upon which reciprocating friction power is based. Again the 
load is relatively small and any variation in it will have 
negligible effect on the reciprocating friction coefficient. 
However, from Equation 2h one notes that Rg + R, is a weak 
function of fgr. We can, for practical purposes, say that the 
reciprocating: and sliding friction effects can be separated 
from one another. Nevertheless, we must be mindful that there 
is a relationship between the’ two.. 

The coefficients of sliding friction determined experi- 
mentally are reasonable when compared with quoted values for 
carbon graphite sliding on cast iron. With the advent of new 


materials with low frictional characteristics such as 
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polytetrafluoroethylene, one might predict that the future 
of dry rotary sliding vane machinery will be brighter. 

Suppose for this same pump that all factors remain 
constant except the coefficient of sliding friction and the 
coefficient of reciprocating friction. Suppose that we 
choose as the vane material an exotic material which has a 
sliding friction coefficient of 0.05 when the pump speed is 
1170 rpm. 

The purpose of the following calculations will be to 
determine the reduction in friction power, if any, when the 
pump is operating with an inlet vacuum of 5 inches of 
mercury. 

An assumption must be made for a reciprocating friction 
coefficient. It is reasonable to assume that fpr will be 
about five times greater than fgr; hence, fyp 18 assumed to 
be 0.25. This value may be rather high in light of our 


experimental results--specifically at 1170 rpm and 5 in. Hg. 
fre _ 0.4561 _ 


The following quantities do not change with varying 
friction coefficients. 


Ba = 5.631 lbs. 
Hp = 1.199 lbs. 
H, = 6.145 lbs. 
V = 23.313 ft./sec. 
Ve = 2.847 ft./see% 
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From Equation 25 


noe Fa + 1.3344 frpH - 0.3344 frrHe 
(cosd-fgr sind)-1.6688(sindt+fgr cosa) fre 








= __5.63+1.33U(.25)(1.199)-0. ~25)(6.1 
eOU0—-,.05(.5299) j-1.66601 .5799+.05(. 56 : 
Fr = 9.46 lbs. 
From Equation 2h 
R3+R), = 1.6688(sind+fsp cosa) Fp+1.334hHp-. 33h Hy 
= 1.6688[ .5299+.05(.848)) 9.46+1.3344(1.199)-(.3344)6.1h5 
R3+R), = 8.58 lbs. 


From Equation 26 
fork rnV 
P ~ UfgrFp 


oO 446) (23.31 


From Equation 27 


Prr = Utne ( auar )Vr 
= 4(0.25)(8.58)(2.8h7) 


0.044 hp. 


Prof 


These calculations have been based upon a sliding 
friction factor which has been reduced by a factor of 2.37. 
The reciprocating friction factor has been reduced only by 
a factor of 1.825. 

Nevertheless, sliding friction power has been reduced 
by a factor of 4.45. The reciprocating friction power has 


been reduced by a factor of 3.89. Total percentage reduction 
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in friction power is 


° La ri na) 2 


x 160 = 76.4 [/o 


Based upon the assumptions stated for this friction power 
comparison, one should further investigate the seemingly 
positive qualities of low friction materials. Since power 
dissipation by friction is much less, there is less pre- 
heating of the working fluid which, in turn, reduces pumping 
irreversibilities. 

Perhaps the effect of changing the angle between the 
rotor radius and the vane slots, a, will have a significant 
effect on frictional considerations. An analysis will now 
be attempted using the same pump configuration with only the 
angle a@ altered to a value of zero degrees. All quantities 
will remain constant except those influenced by this angle 
change. Frictional coefficients used will be those deter- 
mined from our experimental work. 

Again a speed of N = 1170 rpm. will be used. 

for = 0.1183 


frp = 0.4561 (Use this value even though 
Vp has changed slightly. 


Referring to Figure VIII 
Ifaz=0 
then Bp = 0 
A= 0 
From the pump geometry since 


Ry = 2.282" and e = 0.3715" as before 


Redaw = Ry = (Bv-8g) 


cOS @ 


2.282-1.632 
2.282 - 2262-58325 
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Agnew - 1.457" 


Z BR 
Bqn.(11) Fa == (SFR) $3 cosp 
2 
= So (28)" (2170)? (2482) (2) 
F, = 7-42 lbs. 
Eqn. (16) Vp = we sect 
v, = (2270)(.3715) 1 
Vp = 2.415 ft/sec. vs. 2.847 ft/sec. for 


original case. 
A refinement could be made on frp based on this 


new value of Vy, but fpr changes little with Vp. 


(again using 5" He. inlet vacuum) 
Hnew = h cosa 

(0.4229) cos 38° 

Anew = 0-333 

= 0.94) lbs. 


Hp new 


_ W /2uNy? | 
Eqn. (21) He = z (=75) sin B 
H, = 0 
Referring to Figure XXIV we can make a new vane 
reaction analysis where the distance between Ry and a, is 


now 1.35116", and the distance between Ry, and Hp is now 


0.1665". By summing moments R, + a 1.245Hp + 1.491Fpfop- 


ae 











Substituting (R3+R, ) in the expression for F, 
Fa = Fp - fpp (1.245Hp + 1.491 Fpfge) 
Solving for F,: 
>= Fa + 1.245 frp H 
1 = L.Ol Bip tee 
Substituting values 


72 + 1.2U5( .U561)(. 
1 = 1.491(.4561)(.1183) 


8.66 lbs. 


3) 
s 
lI 


Solving for R32 + Ry, 


(R3+Ry) = 1.245(. 9h) )+1.491(8.66) (1183) 
(R3+R) ) = 2,705 lbs. 


Now to calculate power dissipated. 


Eqn. (26) Pap = tag eet 
iS (1183) (8.66) (23.323) 


Pop = 0.174 hp. 
Eqn. (27) Pap = Lfpe(R3+Rl, )Vp 
550 
~ 4(.4561)(2.705) (2.41 
Ms, 
Pat = 0.0216 hp 


From these caiculations one notes that the reciprocating 
friction has been reduced to a negligible value. The sliding 
friction power has been reduced to approximately half its 
original value. Percentage reduction in total friction power 


is 


2118 St o) x 100 = 62.9 Wo 


ho 








These calculations show that a change in the angle of 
the vane from the radial position can have a significant 
effect on frictional power consumed. Any reduction of a from 
38° will decrease the friction power with the maximum re- 
duction in friction power occurring when a = 0. Apparently, 
the only reason for canting the vanes at an angle is to 
permit a greater vane width to be housed in the rotor. This, 
of course, will allow a greater eccentricity and, hence, a 


greater capacity. 
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V. CONCLUSIONS AND RECOMMENDATIONS 


Power dissipated by friction is an appreciable fraction 
of the total power necessary to run a “dry" rotary sliding 
vane machine. Sliding and reciprocating friction as defined 
in this paper each represent a significant portion of the 
total power input. An increase in the pressure force and an 
increase in the speed each raise the power dissipated by the 
two modes of friction. As a result of the total friction power 
increasing exponentially with speed and pressure, the “dry" 
rotary sliding vane machine is restricted to operation in a 
relatively low speed range. 

Temperature effects were negligible for this configura- 
tion of carbon graphite sliding on cast iron; however, tem- 
perature is a factor which always must be considered-- 
particularly when temperature-sensitive materials are used. 

The variation in normal force between vane and casing 
showed no significant effect on friction coefficients for the 
relatively light forces involved. Nevertheless, the effect 
of heavier loads which may also involve plastic and/or elastic 
deformations of the materials in contact must be considered, 
as this will affect the coefficients of friction. 

Factors which may reduce the friction power significant- 
ly are new low friction vane materials and placement of the 
vanes in radial slots within the rotor. Comparative calcu- 
lations with the experimental design show that these two 
considerations do reduce friction power by a considerable 


fraction. Hopefully, an actual design incorporating either 
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or both low friction vanes in radial slots would approach 
theoretical predictions. Only an experimental analysis will 
determine the actual reduction. 

An increase in temperature caused by friction further 
raises the temperature of the working fluid as it passes 
through the pump cycle. More irreversibility in compression 
is introduced and, hence, more work is required to overcome 
the effects of this temperature increment. Introducing a 
friction power reduction will, therefore, decrease the 
amount of irreversibility. 

Strength considerations of the vane material are also 
important. Slight misalignment, shock or a relatively small 
departure from a specified narrow speed and pressure operating 
range are all detrimental to the carbon graphite vane. The 
search for new vane materials must, necessarily, account for 
these factors. 

The investigation of friction phenomena requires an ex- 
perimental analysis. This technique is the only valid pro- 
cedure for determining usable theoretical formulations which 
include the existing design parameters of a given device. 
Using these theoretical formulations, one can then predict 
the effects of changes in design parameters. These predictions 
will indicate trends for the improvement of the original de- 
sign. The actual effects of changes in design parameters can 
only be found by further experimentation which will prove or 


disprove these predictions. 
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VI. APPENDIX 








APPENDIX A 


Details of Procedure 





A.l1 Procedure for Determining Ry, h, Res B, and A. 


When the pump rotor is in the eccentric position and ro- 
tating, Ry, h, Re» B, A, and Hp all vary as the angular 
position of the rotor changes. The power dissipated during 
normal pump operation actually varies as the angular position 
of the rotor changes. In our experiments the power measured 
is an average power which is independent of rotor position. 
In effect, then, the power measured is the power that would 
be dissipated if all the varying quantities were held con- 
stant at their average values. 

To find the average of Ry, h, Rg, B, and A, a drawing of 
the rotor and cylinder bore was made. (Figure XX). Rotor 
positions were indicated for every 15 degrees of rotation, 
and the vanes were drawn in at an angie of 38 degrees to 
the rotor radius at each position. The Ry, h, and Ro values 
were then measured for each rotor position. These values 
are tabulated in Table VY. The averages were then found, and 
a large scale drawing similar to Figure VIII was made using 
these average values, the rotor radius, the angle a, and the 
vane width. These dimensions fixed the angles B and A at 


their average values which were then measured. 
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A.2 Resolution of the Total Vane Acceleration with 
Rotor Eccentric. 


When the rotor is mounted in the eccentric position, the 


vane experiences three accelerations--the centripetal accel- 





eration, the acceleration into and out of the vane slot, and 
a Coriolis acceleration. The total acceleration is the 
vector sum of these three accelerations. To determine the 
forces due to the total acceleration resolved along the vane 
and normal to the vane, we are interested in the components 
of the total acceleration in these directions. The accel- 
eration of the vane into and out of the vane slots acts in 
opposite directions in the converging and diverging sections 


of the pump and has no component normal to the vane. (Figure XXI). 





ap = oo (28) 
The Coriolis acceleration also changes direction from the 
converging to the diverging section since the vane recipro- 
cating velocity and, hence, u is reversed. 

2 uW= 2 Vp W cos Bp (29) 
The centripetal acceleration always acts toward the rotor 
center. 

am = Pogw 7 (30) 

The magnitudes of these three accelerations has an 

average value which is nearly equal for the converging and 
diverging sections of the pump and depends on the average 
values of Ry and Vr. To find the average total acceleration 
acting during one revolution at a given speed, it is necessary 


to average the total acceleration in the converging section 
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and the total acceleration in the diverging section. For 
our purposes, we may average the components of the three 
accelerations in the two sections normal to and along the vane. 
For the diverging section the sum of the components 

acting along the vane is 

@avd = am cosf - ap + 2 uW sinf (31) 
and for the converging section this sum is 

@ave = am cosB + ap - 2 uW sing (32) 
The average of the components of the total acceleration along 


the vane during one revolution is then 


Qaay = Qavd + Aave (33) 
@ay = am cosh = Ry Ww 4 cosp (3) 


since an and 2u u)sinf8 cancel in this averaging process, 
they need not be calculated. 
For the diverging section the sum of the components 

acting normal to the vane is 

Aang = am sing - 2uW sinf (35) 
and for the converging section this sum is 

anc = am sing + 2u W sing (36) 
The average of the components of the total acceleration 


normal to the vane during one revolution is then 


an = am sinp = Rg W 4 sing (38) 


With the aid of Equations 34 and 38, Fg and H, can be 
found from Equations 11 and 21 by multiplying these average 


accelerations by the mass of one vane. 
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A.3 Derivation of Equation 19 for (R, + Ro) 


The use of a free body diagram of the vane is necessary 
to compute R, and R2. The values of R, and Ro are varying 
quantities which are dependent on the angular position of the 
rotor. Although the magnitudes of R, and Ro vary with rotor 
position, the direction of action is always that as shown in 
Figures IX and XXII. This initially was an assumption, but 
actual calculations as well as the appearance of the vanes 
after running Experiment lh confirmed this assumption. The 
vanes showed signs of wear which could only be explained by 
having R,; and Rog act as shown. The average values of Rj and 
Ro for one revolution at a given speed are found by using the 
average values of He, Frq, and.h.in the free body diagram. 
Since R, and Rog always act in the directions shown for the 
speeds used in this experiment, the equation for the sum of 
the average values will always appear in the same form. 


Figure XXII 


Vane Free Body Diagram 
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From Figure XXII we can solve for R, and Ro by summing 


the moments of the forces. Summing the moments about Ry, we 


have: 
0.84375 Ho + 1.2646 Ro - 1.6875 Hpg = 0 (39) 
Solving for R92: 
Ro = eG 0.84375He (40) 
Summing the moments about Ro we have: 
1.2646R] - 0.42085H, - 0.4229Hpg = 0 (442) 


Solving for Rj: 


Ry) = Oyizeisk. + 0.4.229Hrd (42) 


Adding Equations 0 and 2: 


Ry + RQ = Tats z (43) 


1.6688Hpg - 0.3344H. (19) 


Ors 


Ri + Ro 
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A.4 Analysis of the Scope Presentations from Experiment 3 
o Determine the Average Pressure Force Across a Vane 
The pressure force which acts across a vane is a quantity 
which depends on the angular position of the rotor since the 
pressure differential across a vane and the vane area on which 


the pressure differential acts are both varying quantities. 


The pressure differential across a vane is also dependent on 





the rotor speed and the inlet vacuum. The determination of 
the pressure force can only be made at those speeds for which 
: photographs of the scope presentations were obtained. The 
pictures were taken at random intervals over the speed range. 
Four pictures were taken for each of the two inlet vacuums 
investigated. 

In order to use the data presented on the scope, the 
scope presentation of the pressure transducer output had to 
be related to the angular position of the rotor. 

Several methods were tried to relate the presentation to 
rotor position. The inlet vacuum was varied to observe any 
changes in the scope presentation. The method resulted in 
fixing point a' on Figure XXiIia in the vicinity of the inlet 
port of Figure XXIIIb. However, this correspondence was not 
sufficiently accurate for our purposes. 

It was decided that point b on Figure XXIIla should 
occur in the vicinity of the exhaust port on Figure XXIIIb. 

A large scale drawing similar to Figure XXIIIb was made with 
the rotor free to rotate. A rotor reference position was 
chosen near the exhaust port corresponding to point b. The 


rotor position was then changed in increments of angular 
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displacement, and the pressure variations shown on the scope 
presentation were noted. Since the scope presentation was 
adjusted to be eighteen horizontal units wide, one unit is 


equal to twenty degrees of rotor angular displacement. For 





each rotor reference position selected, the pressure variation 
was checked to insure that variation was physically possible 
as the volume between Vanes I and II on Figure XXIIIb changed. 
By this process the point b was fixed as accurately as pos- 
sible corresponding to the reference position for Vane I 
which is just prior to Vane I exposing the exhaust port as 
shown on Figure XXIIIb. This reference position was checked 
using each picture of the pressure variation and was found 

to fit each pressure variation presentation more closely than 
any cther reference position. I6 is felt that this reference 
position corresponding to point b as determined is accurate 
to within plus or minus five degrees of rotor position. 

Since the scops presentation cannot be read within an 
accuracy of five degrées, the reference position is assumed 
to be fixed. 

Knowing this reference position, it is now possible to 
find the pressure diffsersntial across each of the four vanes 
when the rotor is in the position shown in Figure XXIIIb. If 
the rotor were advanced ninety degrses, the transducer output 
would cause the deflection shown for the position of Vane II 
on Figure XXIIIa. The pressure differential across Vane I 
in the position shown on Figure XXIIIb is the vertical dif- 
ference, in inches, between points b and ¢ on Figure XXIIila 


multiplied by the scope scale factor to convert inches of 


Sy. 





“lle Ne Oe ee — 


scope deflection to volts of transducer output--the output 
voltage then being converted to pressure in pounds per square 
inch by entering the transducer calibration curve. (Figure 
XXIX). The transducer calibration curve information was 
supplied by the transducer manufacturer, Gulton Industries. 
The pressure force acting normal to Vane I is found by 
measuring the vane's exposure and multiplying this exposure 
by the vane length and by the pressure differential. 

The pressure force acting normal to each of the vanes 
is found by repeating the above procedure. Referring to 
Figure XXIiIIa, the procedure can be outlined by the following 
expressions: 

Ap across Vane I ~(Zp - Ze) 
Ap across Vane II~(Z,_ = Zq) 
Ap across Vane III~“(Zg - Z,) 
Ap across Vane IV*~-(Zg - Z) 

When the vertical deflection decreases, or the difference 
in the above expressions is positive in the direction of 
rotation, the pressure force is aiding the rotor rotation 
and is considered to be a negative force. The converse re- 
sults in a force opposing rotation and is considered to be a 
positive force. 

To find the pressure forces across each of the vanes 
during one revolution, the positions of a, b, c, and d are 
all moved to the right the same number of degrees and the 
rotor is rotated clockwise the same number of degrees. The 
vertical deflections and vane exposures are then measured 


for each of the vanes and converted to pressure forces. For 


BS 





the purpose of this analysis nine rotor positions were 

used, which resulted in the computation of the pressure 

force across a single vane for one revolution at intervals of 
ten degrees of angular displacement of the rotor. The 
measured differences of scope deflections, in inches, are 
tabulated in Table VI. The pressure differences, vane areas, 
and the products of pressure difference times vane area are 
tabulated in Tables VII and VIII. The average effective force 


due to the pressure differential across one vane for one 





revolution of the pump rotor is computed from Tables VII and 
| VIII. The average force, Hp» always acts to oppose the 


: positive rotation of the rotor. 
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A.5 Derivation of Equation 2) for (R32 + R)) 


A free body diagram is necessary to compute R3 and Ry 
just as the free body diagram was necessary for deriving 
Equation 19 for (R; + R27). Both Rg and R, vary with rotor 
position but are assumed to act as shown in Figures X and 
XXIV. This assumption has been verified by the appearance 
of the vanes after running Experiment 3 and actual calcu- 
lations for the range of operation considered. The average 
values of Ho, Fp, Hp)» and h are used in the free body dia- 
gram. The use of the average pressure force, Hp» is 
probably not completely justified since Hp varies over a wide 
range of values; however, the torque measured by the dynamo- 
meter depends upon the average forces acting during one 
revolution of the pump rotor. Use of an average Hp is, 
therefore, the only means of accounting for the influence of 
the pressure differential across the vanes in this ex- 
perimental procedure. 

Although the pressure force is distributed over the 
exposed portion of the vane, it can be applied as a single 
force acting at the mid point of the exposed portion of the 
vane for the purposes of determining R3 and R)ye 
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Figure XXIV 
Vane Free Body Diagram 
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From Figure XXIV one can compute R3 and Ry by summing 
the moments of the forces. Summing the moments about Re: 
0.84375Ho + 1.2646R, - 1.47605Hp -1.6875Fp(sindt+fsrcosa)=0 (Lh) 
Solving for R), 3 


Rh, = 1.6875Fp(sindtfspcosa)+1.4.7605Hp -0.84375H, (4s) 
_—— 


Summing moments about Rs 
1.264.6R3-0.42085H_-0.21145Hp -0.4229Fp(sindtfspcosh) = 0 (16) 


Solving for R23: 





R3 rad 0.4229Fr(sindtfsfcosh)+0. 2114 5H p+ 0.4.2085He (47) 
Adding Equations 5 and l.7 we have: 
R3+R), = pvr leinitfarcoss) + 1.6875Hp ~ 0-4229H, (48) 
» 264 
or 
R3+R, = 1.6688Fp(sind+fsrcosa) + 1.3344H, -0.3344H, (2h) 
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APPENDIX B 


Summary of Data and Calculations 
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The data from Experiments 1, 2, 3, and | is listed in 
Tables I, II, III, and IV, respectively, in the order that 
it was obtained. 

Table VI contains data taken from Figures XXVI and 
XXVII. Tables VII and VIII contain computed data based 
on the values of the measured deflections listed in Table VI. 

Listed in Tables IX and X are the calculated values for 
the friction coefficients, the sliding friction power and 


the reciprocating friction power. 


60 





Figure XXV 


Force Scale Calibration Curve 
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TABLE I 


Data from Experiment 1 


Seale Actual 

860 -0.05 0.13 

975 -0.04 O.14 

1125 -0.0 O.14 
130 0.00 6.17 
14.70 ORO 0.17 
1630 0.05 0.23 
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TABLE II 


Data from Experiment 2 


Seale Actual 
Speed Force Force 
(rpm) (1bs ) (lbs) 
990 1.15 1.34 
1100 1.33 1.52 
1275 1.77 1.96 
nice 1.98 2.00 
1425 2232 2.52 
1500 2.64 2.83 
1130 eh 1.56 
1200 1.49 1.68 
1235 1.56 1. 
1390 1.80 2.00 
1500 2.00 2.20 
1070 2 1.38 
1205 1.3 1.53 
1315 1.60 ra 
1410 1.7 1.9 
11.60 1.78 1.97 
1050 1.06 1.25 
1060 1.1 1.33 
1250 1.38 1.57 
1290 1.50 1.69 
1360 1.58 1.78 
1385 1.62 1.81 
1150 Wael’ 7 “> 
1360 1.446 1.6 
1515 1.82 2.01 
1020 0.98 i 
1230 14,20 1.39 
te 1.4.9 1.67 
185 e711 1.90 
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TABLE. IIL 


Data from Experiment 3 


6, 


Series 1 - Inlet Vacuum = 5" He 
Scale Actual 
Speed Force Force Power 
rpm (lbs). lbs 
1010 8.70 9.00 0.865 
1020 8.85 9.15 0.888 
1030 8.75 9.07 0.889 
100 8.70 9,00 0.891 
1134 8.30 8.60 0.928 
1150 .90 9.22 1.009 
1165 10.70 11.0 1.226 
1170 9.80 1072 iy, 1349 
118, 10.10 10 yh 1.177 
1185 10.50 10.85 1.22) 
1260 10.95 11.30 1.355 
1265 11... 50 11.88 1.431 
1270 11.90 1202 1.4486 
1270 9.80 10.1 1.226 
1300 11.70 12.07 1.49, 
1315 10.60 10.96 ese 
1325 12.0 12.78 1.612 
135 12.20 12.58 1.611 
1360 12.00 12.35 1.599 
1375 12.96 13.29 1. 70 
14.20 13.90 11.30 1.933 
11430 13.40 13.80 1.879 
who 13.00 13.39 1.836 
ws 14.20 14.60 2.008 
1450 14.00 1.42 1.991 
1170 13.0 13.80 1.931 
1178 1h.L0 14.81 2.080 
1178 13.70 wh.11 1.985 
14.80 13.90 1.30 2.015 
190 1.20 1.60 2.017 
14.98 14.10 1h. 50 2.068 
Series 2 =- Inlet Vacuum = 10" He 
1015 10.65 11.00 1.063 
1220 11.50 11.87 1.379 
1330 13.05 13.) 1. 702 
1361 12.80 13.19 1.709 
1366 12.60 13.00 1.691 
1366 12.70 13.10 1.70, 
1377 Hh 13.50 >i 
1 13.20 13. ‘le 
1361 13:72 0 Tee 1248 
1460 iB: 0 13-80 1.918 
1172 1h.15 14.55 2.03 
ihS ih 28 if 2 b:07 
1 1h. 20 14.61 2.0 
188 il. 20 1.61 2.070 





Figure XXVI 


Photographs of 5" Hg Inlet Vacuum 
Scope Presentations 





(a) (bd) 
SPEED = 1170 rpm SPEED = 1270 rom 
Scope Scale: 1 in.= lv. Seope Seale: 1 im.= a v. 





(c ) (d) 
SPEED = 1560 rpm SPEED = 1420 rpm 
SeopesSeale: 1in.= lv. 


scopemocea tom lin.= 1 yv. 
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Figure XXVII 


Photographs of 10" Hg Inlet Vacuum 
Scope Presentations 





(a) (D) 
SPHERe— LOLS Tpm SPEMD = 1220 rpm 
Scope Scale; 1 in.=lv. Scope Seagies 1] in.= 2.5 Vv. 





(c) (a) 
SPEED = 1530 rpm SPEED = 1486 rpm 
meOpe Scale: 1 in.= 2.5 v. scope, Scale: 1 in.= 2.5 v. 
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TABLE IV 


Data from Experiment l 


ep eee ee pw pie celal a wohl) alc en ONO ci OS MWLIAM A St O OVWO OVOVE-@O ODO ONIN 
tO MN NONNMNWIAMMD ee DO INE SO f-.0 DO OVE" DO OND OMA O OO 
NN M009 09009 029. / Lat ts x» _- ee? pep ah ot tt ELA LALLA LIAO LIALIANLO 10 40 LN 

oo e¢ ee 8e® 8 8 © ° ° ° °@ ° °e a. ° e e ° ° ° e ° ° ° ° ° ° ° ° ° ° ° ° ° e ° @ e ° ° e e e r 
MolololololofololoholokoloLolelolololoroholokohofolofokoRofolofoleloRoLokotolofoReLeLolore 


CN SO 0 LALA Lat LO LAGNA WOFFA ONO LUND O O_-=AO FU O O O-=t ON 090 0 LAO O SO OLIN OV 


eo @ee@eeesweee?eegsgsgef#f#scereeeenee5egeeeeesewreeeeeqeeerkeoeoeeebe#eeeee*s ee eee#e#e#eoeoeetke#s ® «eee @ e® e @ 


NN MMO MOON) OO af at at th ht th ot th ot th at tt Ot tt at ot a at Nt LALA SL SPLALALAL St 


NWO LAALALAL af 0 LIND O AH AOAANTAWMN@OA MNO WMG MNWE-WO OO ODNHOD AWMN®D AW 
MEO OO DS SO @ DANAD OAAAAAD OO © Pa ©  OVOV\DO AD OD O &-F-@D OO F-O © &~_=af 


ee @ @¢ @ «+ @ @ @# e@®# @ e® @ 6e® @® ee @® @® @® ee e® e e e® @® e® @® ee e® e® ® ¢®© #® e e® e#® e® e® e® @® @e @® @ @® e e @ 


67 





TABLE IV (contd) 


Scale Actual 
Force Force 
(1bs ) (lbs ) 
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Figure XXVIII 


Photographs of Scope Presentation 
During Experiment 4 








(a) (bd) 
SPEED = 984 rpm SPEBD =S3izZo0 rpm 
Scales: 1 in. = 0.25 V. Seale: 1 in. =80.25 Vv. 





(c) 
SPEED = 1566 rpm 
Scale: 1 in. = 0.25 v. 
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TABLE V 


Table of Measured Values from Rotor Layout 


Rotor Vane End Vane Radius to 
Position Radius Exposure Vane CG 
(inches ) (inches ) (inches ) 
O 1.945 0.010 1.370 
115 1.945 0.020 1.380 
O 1.975 0.065 1.4.05 
5 2.020 0.115 1.435 
60 2.080 0.185 1.4.60 
75 2.150 @.270 1.515 
90 2.235 0.370 1.585 
105 2.320 0.4.70 1.650 
120 2.4.05 0.575 1. 720 
135 2.4.85 0.670 1.800 
150 2.560 0.750 1.850 
165 2.615 0.820 1.900 
180 2.650 0.850 1.925 
195 2.655 0.855 1.945 
210 2.630 0.835 1.922 
225 2.580 0.765 1.875 
2140 2.510 0.690 1.815 
255 2-415 0.580 1.730 
270 2.310 0.460 1.648 
285 2.210 0.345 1am 
300 2 ig 0.230 1.4.90 
315 2.035 0.135 1.5 
330 1.975 0.065 1.4.00 
3.5 1.945 0.020 1.390 
Average 2.2818 0.4229 1.6325 
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TABLE VI 


Table of Measured Scope Deflections 


Rotor 


Measured Deflections (inches) 


Ref 


Ref 


Ref 


Ref 


Ref 


Ref 


Ref 


Ref 


of 


120 


160 


200 


2.0 


280 


320 





Vane Fig. Fig. Fig. Fig. 
XXVIb XXVIc XxXVId 

i “1.55 -1.90 +1.95 -1.95 
II -0.10 <=0.05 -0.05 -0205 
ETT “1.30 1.25 -1.25 -1.45 
Iv +2.95 +3.20 +3.25 +3.h5 
I -0.70 -0.85 -0.80 -0.85 
a “0.20 -0,05 <=©.15 =0430 
ier T +0.05 -0.10 -0.05 +0.05 
IV +0.85 +1.00 +1.00 +1.10 
T -0.10 +-0.15 -0.05 -0.15 
II -0.80 -0.85 -1.05 -1.15 
ie E +1.75 +2.30 +2.65 +2.28 
IV -0.85 «1.30 +1.55 <-0.98 
T -0.10 QO -0.20 -0.30 
II O -0.15 +0.05 +0.05 
ot E #1.10 +1.10 +1.15 #£=+1.30 
Iv -1.00 -0.95 -1.00 -1.05 
I ~0.60 -0.50 +-0.75 -0.80 
II +0.90 +0.65 +1.35 +1.50 
TII -0.05 +0.15 -0.35 -0.35 
IV -0.25 <=0.30 «©.25 =-0:35 
i -0.20 =@.50 =0.15 <@.35 
II +1.50 +2.00 +1.65 +2.05 
TII ~1.20 1.40 -1.35 #£-1.50 
IV -0.1@ -0.10 =@,15  -0;20 
I +0.30 Oo +0.45 £+0.h0 
TI +0.40 +0.70 +0.45 +0.65 
TET “0.35 -0O.40 -O.45 -0.50 
IV “0.35 -0.30 -O.45 -0.55 
I +2.10 +3.50 +3.00 +.10 
II “1.40 -1.55 -1.55 -1.95 
III “0.05 -0.10 <=0.05 +-0.15 
IV -0.65 -1.85 -1.40 -2.00 
i +0.70 +0.80 +0.75 +1.00 
II “0,50 0060" =B.55 -On70 
TII ~0.30 «9.20 «0.35 £-0.h0 
Iv +#0.10 -0.10 +0.15 +0.10 
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TABLE VI (Conta) 


Measured Deflections (inches) 
Rotor 


Position Y®"© xxyfla xXXVIIb XXVIIc XXVIId 


Ref a ~1.75 -0.80 -0.90 -0.95 


Ref + ho if ~ 1 2@0 -0.40 ~0 140 ~O.45 


Ref + 80 I =0.20 ~0,10 -@.10 =0,10 
II =1. 20 ~-0.60 -0.50 -0.45 

Tin +2.70 +1.20 +1.25 +1.25 

IV ~1.30 -0.50 -0.65 =. 70 

Ref + 120 I ~@.25 ~0.10 -0.15 ~0.20 


IV ~1.20 -0.50 ~0.50 -0.55 

Ref + 160 ii =i ~0.35 ~0.30 =0,.50 
TI +2.05 +0.80 +0.90 +1.10 

III ~0.65 =6 10 -O.45 “0.45 

IV -0.30 -0.05 -0,15 =@,15 

Ref + 200 0 +0.10 0 +0.10 =0.50 
fen +1. 30 +0, 70 +0.60 +1.35 

TIT ~1,15 -0.60 -0.55 =0. 70 

IV =0525 20, 10 “0.15 =-0.15 

Ref + 2h0 "1 +1.20 +0.55 +0.75 +0.60 
aI +0.15 6) ~O.15 +0.10 

Lin ~0.50 ~0.15 -0.20 -0.30 

IV ~0.85 -0.0 -0.0 -0.40 

Ref + 280 I +3.60 +1.55 +#1.55 +#2.00 
NEG d =1.55 =0.75 =0.65 =0.90 

III -0.10 ~0.05 -0,10 =, NO 

TV ~1,95 ~0.75 “0.75 ~1.00 

Ref + 320 I +0.65 +0.15 +0,15 +0.20 
ta -O 75 =0,25 =0.,25 =9.35 

LE ~0.70 0.25 ~0,35 -0,.30 

+0.80 +0536 +015  +onlic 


is 
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Figure XXIxX 
Transducer Calibration Curve 
[ 





TABLE VII 


Table of Computed Pressure Differences and 
Pressure Forces, Inlet Vacuum = 5" , 

Vane Exposed Fig. XXViIa Fig. XXV Ib 

Rotor Exposure Vane Area Ap Adp Ap Adp 


Position Vane (inch ) (sq. Te.) (psi) (loa). (psi) (lbs) . 


Ref I 0.28 Ls Zan ~1.63 = 2.838 <1.96 - 3.12 
II 0.0 0.24.9 -O,1) - 0.035 =-0.06 - G.91e 
Ti 0.53 3.296 -1.l10 ~- le Gilly =1136 = Tomes 
IV 0.86 5.348 +3.04. 416.258 +3.29 +17.595 
Ref+l0 I 0.06 0.373 -0.83 - 0.310 -0.98 - 0.366 
II 0.21 1.306 -0.26 - 0.340 -0.06 - 0.078 
Tia @.77 . 788 +0.06 + 0.287 -O.14 - 0.670 
IV 0.67 1.167 +0.98 + h.084 +1.12 + 4.667 
Ref+80 I 0.025 0.155 -O.14 - 0.022 -0.20 - 0.031 
ia 0.46 2.861 -0.9m - 2.689 =<=0.98 = 2.608 
LEE @.87 5.10 +1.81 + 9.792 +2.35 +12.714 
IV 0.37 2.310 -0.98 - 2.264 «1.80 = 3.200 
Ref+120 T 0.16 0.995 ~O.l = 0.139 O O 
Ik 0.72 4.78 O O =-0.20 - 0.896 
Tta 0.78 4.851 +1.22 + 5.918 +1.22 + 5.918 
IV 0.10 0.622 -1.12 - 0.697 -1807 = @3en5 
Ref+160 I 0.4.15 2. Saal -@.72 - 1,658 -@:61 <= Sore 
II 0.85 5.286 +#1.04 + 5.497 +0.78 + 4.123 
hit 0.45 2.798 -0.06 - 0.168 +0.20 + 0.560 
Iv O=01 0.062 -% 3 6 - 6.07) 40,39 - @ eae 
Ref+200 I 0.66 10 “~0.26 - 1.067 -0.61 - 2.503 
Te 0.78 4.851 +1.59 + 7.713 +2.05 + 9.945 
Tale Cals 0.93 -1.31 = 19222 41,50 = lei 
IV Om 111 0.68 -O,14 - 0.096 -0.14 + 0.096 
Ref+2h10 i 0.8 5.22 +0.39 + 2.037 O O 
ian 0.53 3.296 +0.50 + 1.648 +0.83 + 2.736 
Lia 0.015 0.093 -0.46 - 0.0 —,50 - 0, Gm 
IV 0.33 2 O52 -0O.l46 - 0.9 -0.39 = 0.800 
Ref+280 il 0.83 5.162 +2.15 +11.098 +3.60 +18.583 
II 0.215 1.337 -1.50 - 2.006 -1.63 - 2.179 
Tia 0.06 0.373 -0.06 = 0.022 -O.1) - 0.052 
IV 0.59 3.669 =O 78 = 2-862 -1.90 = 6.971 
Ref+320 r 0.61 3.793 +0.83 + 3.148 +0.9) + 3.56 
TIL 0.03 - Orley -0O.61 - 0.11} -0061 -.0.11 
ja 8 0.265 1.6448 ~0.39 = 0.643 -0.26 = 0.29 
Iv Op ishl 5 s0a7 -O.14 + 0.705 -O.14 - 0.705 
Total Adp +43.171 +41.6.857 
Average Adp per vane + 1.1992 ~ Mer 7 
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TABLE VII (contd) 


76 


Vane Exposed Fig. XXVIc Fig. XXVId 
Rotor Exposure Vane Area A Ady A AAp 
Position Vane (inch). (sq. in.) (pst) _(1bs) (psi) _(1bs) _ 
Ref I 0.28 Le 7. ~2.@0 - 35162 -2400 = Sue? 
IPE 0.0 0.249 ~0.06 ~ 0.015 -0.06 - 0.015 
III 0.53 3.296 ~1.36 —-0). 863 =8GS =95.169 
Iv 0.86 5.348 $3.3) 417.862 +3.54 +18.932 
Ref+l.0 Tt 0.06 0.373 -0.94 - 0.351 +-0.98 - 0.366 
II Oo. 2 1.306 =0.20 - 0.261 +-0.39 - 0.509 
III 0.77 1.788 -0.06 + 0.287 +0.06 + 0.287 
IV 0.67 4.167 +#1.12 + h.667 41.22 + 5.08) 
Ref+80 I 0.025 0.155 ~0.06 = 0.009 -0:;20 = 6,081 
II 0.46 2.861 -ljm6 - p°322 ~1.26 = 3.605 
BEN 0.87 5.410 +#2.72 +14.715 +2.34 +12.659 
IV Oss / 2.3510 -1.63 = 3.765 -~1,.10 = 2.5 1 
Ref+120 I 0.16 0.995 -0.26 - 0.259 -0.39 - 0.388 
II ©. 72 4.478 +0.06 + 0.269 +0.06 + 0.269 
Tis 0.78 4.851 +#1.26 + 6.112 +1.40 + 6.791 
IV 0.10 0.622 -1.12 -0.697 -1.96 = @.722 
Ref+160 I 0.15 2.581 -0.88 - 2.271 =-O0.9h = 2.26 
II 0.85 5.286 +1.4h + 7.612 +1.59 + 8.05 
TEI 0.5 2.798 ~O.46 - 1.287 -®.46 - 1.267 
IV 0.01 0.062 -0.3 - 0.021 2O@\m6 - Ola 
Ref+200 I 0.66 4.10 -0.20 -@©.821 -O146 = Ie 
mI 0.78 bh. 851 41.72 + 8.34) +2.10 +10.187 
Its 0.15 0.93 mle = 1.34 -1.59 ~- 1.483 
IV 0.11 0.68 -0.20 = 0.137 -0.26 - 0.178 
Ref+2h0 af 0.84 5.224 +0.56 + 2.925 +0.50 + 2.612 
ui 0.53 3.296 +0.56 + 1.846 +0.78 + 2.571 
TII 0.015 0.093 ~0.56 = tei “0.61 - ©0.@5y 
IV 0.33 2.052 ~-0.56 - 1.149 +-0.66 - 1.35) 
Ref+280 1p 0.83 5.162 +#3.09 +15.951 +h.19 +21.62 
er 0.215 1.337 -1.63 -- 2.579 =2.@0 —- Jace 
Tua 0.06 0.373 ~0.06 - 0.022 +0.20 - 0.075 
IV 0.59 3.669 -1.50 - 5.50) -2.06 - 7.558 
Ref+320 i 0.61 3.793 +0.88 + 3.339 +1.12 + .2h8 
Ui 0.03 0.187 ~0.66 - 0.123 -0.83 - 0.15 
Tien 0.265 1.648 ~O.46 - 0.758 -0.50 - 0.82 
IV 0.81 5.037 +0.20 + 1.008 +0.14 + 0.705 
Average AAp per vane + 1.4619 + 1.6006 





TABLE VIII 


Table of Computed Pressure Differences and 
Pressure Forces, Inlet Vacuum = 10" Hg. 


Vane Bosed Fig. saat Fig. mes 
Rotor Exposure Vane Area 


Position Vane (inch) . (sq. .in. ) (pst) (1p8). (pst) (1p3) 


Ref I 0.28 L. Ze ~1.82 - 3.169 +-2.06 = 3.586 
ACI 0.0 0.29 “0.20 ~ 0.050 «0.16 = 0.680 
Taine 0.53 3.296 ~1.36 ~ 4.83 -2.06 - 6.790 
IV 0.86 5.348 +#3.25 +17.381 +h.20 +22. 
Ref+l.0 iT 0.06 0.373 “1.12 - 0.418 -1.12 = 0.48 
Tie @.77 4. 788 +0.77 + 3.687 +0.88 + .213 
IV 0.67 4.167 +0.9, + 3.917 +0.88 + 3.667 
Ref+80 il 0.025 0.155 -0O.26 - 0.040 -0.32 - 0.050 
aI 0.446 2.861 -1.31 =3.748 -1.59 - Teeemo 
III 0.87 5.10 +2.78 +15.010 +3.09 +16.717 
IV 0.37 2. BO -1.40 = 3.221 -1.36 - 3.129 
Ref+120 1g 0.16 0.995 20.32 -©.318 36.32 - 0.38) 
II O12 4.4.78 +0.62 + 2.776 +0.48 + 2.19 
III 0.78 4.851 +1.07 + 5.191 +13.2 “496.005 
IV 0.10 0.622 -1.31 - 6.695 -1.36 = @ emo 
Ref+160 IT 0.415 2.581 -1.22 - 3.09 -=1,00 = 2.581 
Ts 0.8 5.286 +2.10 +11.101 +2.06 +10.88 
TaL 0.45 2.798 -0.77 - 2/ig8 -1,12 =eeee 
IV 0.01 0.062 -0.36 - 0.024 -@.96 = 6.010 
Ref+200 I 0.66 h.10k +0.14 + 0.575 O O 
II 0.78 851 +1.40 + 6.791 +1.82 + 8.829 
Tie 0.15 0.93 -1.26 - 1.176 -1.59 - 1.483 
IV Ca 0.68 -0.32 = 0.219 =0.32 - G12 
Ref+2h.0 I 0.6, 5.224 +1.31 + 6.843 41.48 + 7.732 
II 0.53 3.296 +0.20 + 0.659 O O 
Tet 0.015 0.093 -0.62 - 0.058 -0.48 - 0.05 
IV 0.33 2.052 =-@.98 -2.0m 2. - hes 
Ref+280 I 0.83 5.162 +3.70 +19.099 +3.96 +20.4)2 
Tet 0.215 1.337 “1.63 = 2.179 -1.9h = 2.59m 
E11” 0.06 0.373 -O.14 - 0.052 -0.16 - 0.060 
IV 0.59 3.669 =2.00 = 7saRe 3 PA - 7.118 
Ref+320 I On61 3.793 +0.77 + 2.921 +0.48 + 1.821 
II 0.03 O. ie7 -0.68 - 0.165 -0.7. - @olse 
TII 0.265 1.648 =0.8; =| 1.364 =-0.78 = 1.206 
IV ©), ou 5.037 +0.9, +h.735 +1.00 + 5.037 
Total Adp +62.65), +68 .537 
Average AAp per vane +1. 7404, +1.9038 
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Vane Exposed Fig.XXVIIc Fig.XXVIId 
Rotor Exposure Vane Area Ap AAp A AAp 
Position Vane _(inch) (sq. in.) (psi) _(1bs) (psi) _(1bs 
Ref iE 0.28 Ie re -2.30 - .oo0% -2.43 - i236 
II 0.04 0.29 -0.16 - 0,010 -0.32 - 0.080 
jai 0.53 3.296 -1.9) - 6.394 -1.94 - 6.39) 
IV 0.86 5.348 +h.34 423.210 +).57 +2h4.440 
Ref+l0 I 0.06 0.373 -1.1 .-0.198 21.2) -Orliee 
I 0.21 1.306 -O.48 - 0.627 -0O.74 - 0.966 
iain O.. 7H 1.788 +0.74 + 3.543 +0.88 + 4.213 
Iv 0.67 4.167 +0.88 + 3.667 +1.12 + .667 
Ref+80 I 0.025 0.155 -0.32 - 0.050 -0.32 - 0.050 
Tah 0.46 2.861 -1.36> — 3.691 <a - 3. pee 
iE 0.87 5.410 +#3.20 +17.312 +3.20 +17.312 
IV 0.37 2.310 -1.7@ =—"3.912 25.62 - Se 
Ref+120 T 0.16 °- Ba -0O.48 - 0.478 -0.62 - 0.617 
II ©..72 4.4.78 +0.62 + 2.776 +0.62 + 2.776 
III ®.78 4.851 #1.24 + 6.015 +1.48 + 7.179 
IV 0.10 0.622 -1.36 - ©.846 -1,W8 -— Geeel 
Ref+160 I 0.415 2.581 -0.88 - 2.271 -1.36 - ee 
alee 0.85 5.286 +2.30 +12.158 +2.83. +1 ‘pep 
III 0.45 2. 726 -b.24 - 3.70 -1.2h -3.4 
IV O701 0.062 -OML8 - 0.030 -0.48 - 0.030 
Ref+200 I 0.66 4.104, +0.32 + 1.313 -1.36 - 5.581 
II 0.78 4.851 +1.59 + 7.713 +3.48 +16.881 
III O15 0.93 -1.u8 - 1.38) =0.82 = 1868 
IV O.11 0.68 -0.48 - 0.328 =0.8 = O92. 
Ref+2h0 I 0.8. 5.22 +1.94 +10.135 +1.59 + 8.306 
II 0.53 3.296 -0O.48 - 1.582 +0.32 + 1.055 
EVE 6.015 0.093 -0.62 - 0.0568 -©.88 - 0.082 
Iv 0.33 2.052 -1.12 = 2.268 =i “= 2a 
Ref+280 I 0.83 5.162 +#3.96 +20.4Uu2 +5.05 +26.068 
II 0.215 13357 -1.70 - 2.273 -2.30 - 3.075 
III 0.06 0.373 -0.32 - 0.119 «0.32 = Ofte 
Iv 0.59 3.669 -1.94 - 7.116 =2256 -— OFsee 
Ref+320 I 0.61 3.793 +0.48 + 1.821 +0.62 + 2.352 
II 0.03 0.187 -O.74 = Of938 <-1.60 - "Gee 
III 0.265 1.648 -~1.00 - 1.646 -0.68 - Iglige 
IV 0.81 5.037 41.24) + 6.246 +1.24 + 6.2h6 
Total Adp +72.976 +83.768 
Average AAp per vane +2.0271 +2.3269 
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speed 
(rpm) 


TOUS 
1170 
1220 
1270 
1330 
1360 
14.20 
14.86 


TABLE IX 


Table of Calculated Values for 


for, rp, Psrq, and Pre 


Pst 


0.1317 
0.1183 
O. Lily 
0.1134 
0.1093 
0.1075 
0.103, 
0.1048 


{rr 


0.4068 
0.4561 
0.4576 
0.44.695 
0.44838 
0.4818 
0.4932 
0.4867 


eS, 


ose 

(hp 
0.2039 
0.3079 
O3893 
0.3705 
0.4387 
0.4557 
0.5058 
0.5810 


© 0 0 8 0 0 CO ©O 


Prf 

(hp 

.O711 
een 
1497 
1930 
2163 
~2263 
2662 
. 2980 





TABLE X 


Table of Calculated Values for Por and Prfr 


Series 1 Inlet Vacuum = 5" Hg. 


Speed Eat Prf 
(rpm) (hp) (hp) 
1ai7o 0 « OE «= Oat 
1270 o LVAD 7 0.2266 
1360 + gars 0.2875 
W420 0.5841 #£0.3396 
Series 2 Inlet Vacuum = 10" Hg. 
Speed Par Prf 
(rpm) (hp) (hp) 


1015 0.2573 i 
1220 O.leé7  @.21Ho 
1330 0.5343 0.3008 
1486 0.6985 #£0O.4065 
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APPENDIX C 


Sample Calculations 
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The procedure for calculating for, frp, Psgrq, Preq Pst: 
and Prr will be illustrated by calculating these values for 
the conditions of: 

Speed = N = 1170 rpm. 


Inlet Vacuum = 5" Hg. 


N _ _1170 
1.0082 1.0082 


No = 1161 rpm. 


Eqn. (,) (Psra)ne = (Po)ne = (Py )n 
= 0.160 - 0.0155 


(Psta)nc = 0.1445 hp. 
Eqn. (7) Gg = uw (2RKay? (BS) cos Bo 


(Qs4BL) (2m) (1162)2(2+S45) (0.6947) 
8.2577 (0.6947) 


Gey — 852577 (0 So's?) 
EGE Nc 7 ; Z 


aa 6.6920 Les 


Ban. (3) = Vo = (20Me)(=¥g) 


Eqn. (2) Ne 


q2 
Q 
TT 


st 

O 

702 
l 


Ve = 23.313 ft/sec. 
a . 137.5(Psfda)ne tana 
Eqn. (9) leg — weeks == a < - 
= : 19.8688(0.6009 
= 6.6920 + 22.8686 (0 0009). 
Ieg = 7.20 lbs. 
Eqn. (8) rewritten for = 13h F ne 
cdVe 


= 8688 
= UAyLINICE PIED 


for = OMe 
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Baia. (159)  —— = (2a (+) cosp 


= a Q-23L) (2%)*(1170)2 (29325) (0.6756) 


8.3345(0.6756) 
5.631 lbs. 

_ Ne seca 
Bam. (16) Vp = 35 


AOO43 715) (79 
I 


1170(0.002)33) 

2.847 ft/sec. 

(Pin - (P1)n = 0.456 - 0.0155 
(Ph)n - (Pz)n = 0.4K05 hp. 


Eqn. (18) fre(Ry+Ro) = 237: 5(Pl.-P1 )(cosa-fsrsin)-fsrVFa 


= 137.5(0,Wh05) (0, 648-0. 1183 x 0.5299)-0.1183(23.313) (5.631) 


On ® +7? .6 6 ~Onb=0, 9 YS 


Fa 


Vr 


=soeio7 pe. 


=» Te + Tep( hl + RB 
Eqn. (12) Pog = 30S rea 2) 


- go3) + Sauzt 
OR - O. ‘ 
Frq = 15.353 Bis. 


Eqn. (20) Hyg = Frq (sind + fg cosa) 
= 15.353 [0.5299 + (0.1183) (0.848) ] 


= 9.675 lbs. 
Eqn. (21) He =° Bay (Ge) sinp 
= 8.3345(0. 7373) 
He = 6.145 lbs. 
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Eqn. (19)  Ry+Ro = 1.6688 Hpg - 0.3344 H, 
= 1.6688 (9.675)-0.3344(6.145) 
Ry+Ry = 14.092 lbs. 


f R1+R 
Ean. (22) for = ar 
= dete 


04561 


Ban. (13) Pegg = Het Pra V 


2 H.(0.1183) (15.353) (23.313) 


Psfd = 0.3079 hp. 


tre 


Ean. (15) Para = ~ 4 fpp(R, + Ro)Vr 


2 ee 


Prfqd = 9.1331 hp. 


He = 1.1992 lbs. from Table VII 


Fan. (25) Fp = ___Fati-3344 fre Hp - 0.3344 fre He 


(cosh-fsf sind)-1.6688(sinidtfof cosa)irr 
—- SeGalt1.33 ° 261 ) - 1992 -O. 33 ° 61 6. 1 


0. 648-0. 1183 (0. -06087T0.5299+0.1183(0.c048 )J(.456 
Fy, = 17.735 lbs. 
Eqn. (21) R3+R = 1.6688(sindtfgrcosa)Fpt+1. 3344Hp-0. 3344 He 
=1.6688[0.5299+0.1183 (0.848) ](17.735)+1.334(1.1992)-0. 3344 (6.15) 
R3+R, = 18.187 lbs. 
Eqn. (26) Psf = ame Rae 


@.128 Lisouit® 23.313 
Psf = 0.3557 hp. 
8h 





Eqn. (27) Por = y fee (Bere 
a H(Ooh562.) (18.187) (2.647) 


Por = 0.1718 hp. 
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